Absorption line shapes associated with the stretch mode of bond-center hydrogen (H BC (ϩ) ) at 1794 cm Ϫ1 and the twofold degenerate mode of hydrogen near the tetrahedral site (H (Ϫ) ) at 745 cm Ϫ1 in germanium are measured with infrared-absorption spectroscopy. The H BC (ϩ) line shape measured at 10 K for the case of low hydrogen concentrations gives a lifetime between 15 and 23 ps. Similar in magnitude to the 7.8Ϯ0.2 ps observed for the same defect in silicon ͓M. Budde et al, Phys. Rev. Lett. 85, 1452 ͑2000͔͒, this observation indicates that the lifetime of the bond-centered mode is largely insensitive to the phonon frequency distributions of the host material. Pure dephasing dynamics of hydrogen in germanium are studied by measuring the shape of the 1794-and 745-cm Ϫ1 lines as a function of temperature. These measurements are analyzed using a recently formulated exchange model for vibrational dephasing. The temperature dependence of the 1794-cm Ϫ1 line shape is attributed to thermal fluctuations in the occupation number of a pseudolocalized mode at 75Ϯ2 cm Ϫ1 .
Absorption line shapes associated with the stretch mode of bond-center hydrogen (H BC (ϩ) ) at 1794 cm Ϫ1 and the twofold degenerate mode of hydrogen near the tetrahedral site (H (Ϫ) ) at 745 cm Ϫ1 in germanium are measured with infrared-absorption spectroscopy. The H BC (ϩ) line shape measured at 10 K for the case of low hydrogen concentrations gives a lifetime between 15 and 23 ps. Similar in magnitude to the 7.8Ϯ0.2 ps observed for the same defect in silicon ͓M. Budde et al, Phys. Rev. Lett. 85, 1452 ͑2000͔͒, this observation indicates that the lifetime of the bond-centered mode is largely insensitive to the phonon frequency distributions of the host material. Pure dephasing dynamics of hydrogen in germanium are studied by measuring the shape of the 1794-and 745-cm Ϫ1 lines as a function of temperature. These measurements are analyzed using a recently formulated exchange model for vibrational dephasing. The temperature dependence of the 1794-cm Ϫ1 line shape is attributed to thermal fluctuations in the occupation number of a pseudolocalized mode at 75Ϯ2 cm Ϫ1 . 
I. INTRODUCTION
Recently, the lifetime of the first excited vibrational state of positively-charged bond-center hydrogen (H BC (ϩ) ) in silicon was measured to be 7.8Ϯ0.2 ps using the transient bleaching technique, 1 two orders of magnitude smaller than the vibrational lifetimes of Si-H bonds on Si surfaces. 2, 3 The measured linewidth of H BC (ϩ) in Si at low temperatures and at low hydrogen concentration was shown to be in agreement with the lifetime measured by the transient bleaching technique. 1 The temperature dependence of the H BC (ϩ) lifetime in Si showed that low-frequency vibrational modes are involved in the decay process. In addition, a low-frequency vibrational mode at 114Ϯ3 cm Ϫ1 was shown to participate in the phase relaxation process. 4 To elucidate the low-frequency modes involved in these processes further, we now report experimental studies of the dynamics of local vibrational modes ͑LVM's͒ associated with two different hydrogen defects in germanium. We compare two similar configurations, namely, H BC (ϩ) in Ge and Si. H BC (ϩ) is located at the bond-center site in Ge ͑Si͒, and has a stretch vibrational mode of 1794 cm Ϫ1 (1998 cm Ϫ1 ). The comparison of similar defect configurations in solids with different phonon frequency distributions, where the maximum phonon frequency is 301 cm Ϫ1 (522 cm Ϫ1 ) in Ge ͑Si͒, provides insight into the role of phonons in the dynamics of the LVM.
In addition to phonons, other low-frequency vibrational modes that could be involved in energy and phase relaxation processes are pseudolocalized modes ͑PLM's͒, which are vibrational modes that are resonant with the phonon continuum but are localized to the host atoms surrounding the defect. When hydrogen is placed at the bond-center site in Ge ͑Si͒, the nearest-neighbor Ge ͑Si͒ atoms relax outward, causing distortion in the lattice, which could create PLM's. By comparing the modes involved in energy and phase relaxation processes for both the Si and Ge systems, a better understanding of the type of low-frequency vibrational modes involved in the processes is gained.
In addition to the H BC (ϩ) defect, a hydrogen defect with a vibrational energy of 745 cm Ϫ1 forms in Ge after proton implantation at low temperature. 5 The vibrational mode at 745 cm Ϫ1 has been attributed to negatively charged H displaced from the tetrahedral ͑T͒ site along a ͗111͘ axis, presumably toward the antibonding ͑AB͒ site, also denoted H (Ϫ) . 5 Theoretical calculations for the negative-charge state of H at the T site (H T (Ϫ) ) in Si predict that there is little relaxation of the nearest-neighbor Si atoms, 6 and we expect that H (Ϫ) in Ge also causes little distortion. The influence of defect structure and its corresponding lattice distortion on energy and phase-relaxation processes is examined by comparing the H BC (ϩ) and H (Ϫ) vibrational modes. We have used infrared spectroscopy to measure the linewidth and corresponding lifetime of the H BC (ϩ) mode in Ge. We also report a lower limit on the lifetime of the H (Ϫ) vibrational mode in Ge. Phase-relaxation processes are investigated by measuring the temperature dependence of the 1794-and 745-cm Ϫ1 lines. As the temperature is increased, the absorption peaks broaden and shift, and in addition, the 1794-cm Ϫ1 line becomes asymmetric, as shown in Fig. 1 . These spectral changes are attributed to anharmonic coupling of the LVM to one ͑or more͒ low-frequency modes. Further insight into the nature of the low-frequency mode is gained by comparing the properties of the exchange mode, to those of the same structure in Si, as deduced from the temperature dependence.
II. EXPERIMENTAL DETAILS
Hydrogen and deuterium was introduced into 2-mm-thick, double-side polished, high-resistivity, ultrapure germanium single crystals, with the samples at low temperatures (T Ͻ80 K) in a cryostat. Protons ͑deuterons͒ were implanted using multiple energies in order to obtain an areal defect concentration sufficiently high for infrared-absorption measurements while maintaining a low local concentration of H defects. Implantation energies and their corresponding doses were chosen such that a uniform implant profile was achieved over the depth interval defined by the ion range at the minimum and maximum implantation energies. The dose at each energy was obtained from Monte Carlo simulations of the implantation profiles with the software package SRIM. 7, 8 After implantation, the cryostat was taken to a Fourier transform infrared ͑FTIR͒ spectrometer for infraredabsorption measurements. The sample temperature increased less than 10 K during transfer to the spectrometer. The sample was kept below ϳ150 K throughout the experiment, to prevent H from migrating and reacting with impurities and defects.
Experiments were performed at Vanderbilt University and Aarhus University, Denmark. Experiments at Vanderbilt University were performed with a flow cryostat, cooled with liquid He, whereas a closed-cycle cryostat was used for the experiments at Aarhus University. Both cryostats were capable of cooling to ϳ10 K. Si diode temperature sensors were placed on the sample holder a few millimeters from the sample to measure the sample temperatures. The cryostats were equipped with resistive heaters, controlled by commercial temperature feedback controllers, which allowed the temperature to be set at any temperature in the range 10-300 K. The measured temperature was stable within Ϯ0.05 K.
At Vanderbilt University several samples were made with varying H concentrations to determine the broadening of the absorption lines due to implantation-induced lattice damage. The cryostat was attached to the end of the accelerator beamline for implantation. Implantation parameters and hydrogen concentrations are given in Table I . Infrared-absorption spectra were taken at ϳ10 K for germanium samples implanted with hydrogen using a Bruker IFS 66V FTIR spectrometer with a Globar source, a Ge/KBr beam splitter, and a deuterated triglycine sulfate detector. The spectra were taken with 0.15-cm Ϫ1 resolution and a boxcar apodization function. At Aarhus University a hydrogen and deuterium coimplant was made by inserting the cryostat directly in the beamline and implanting through a 0.1-mm-thick Al window that separated the inner volume of the cryostat from that of the beamline. H was implanted through a 0.1-mm-thick Al stopper foil in order to overlap the H and D profiles. Implantation parameters and H/D concentrations are given in Table  I . Infrared-absorption spectra were taken at ϳ10 K for the Ge sample coimplanted with H and D using a Nicolet 800 FTIR spectrometer with a Globar source, a Ge/KBr beam splitter, and a mercury cadmium telluride detector. Spectra were taken with a 0.3-cm Ϫ1 resolution and a boxcar apodization function in the temperature range 10-150 K.
III. VIBRATIONAL DYNAMICS

A. Vibrational lifetimes
At low temperatures the full width at half maximum ͑FWHM͒ ⌫ 0 of the spectral peak of an absorption line is ideally determined by the vibrational lifetime as
where ⌫ 0 has units of angular frequency ͑rad/s͒, and T 1 is the lifetime of the first excited state. However, inhomogeneous broadening due to the strain fields from nearby defects TABLE I. Implantation conditions for hydrogen and hydrogen and deuterium coimplanted samples prepared at Vanderbilt University and Aarhus University, respectively. The samples were implanted at 80 and 20 K. Going from left to right, the columns contain the name of the sample, the minimum implantation energy, the maximum implantation energy, the number of energies, the overall width of implantation profile, and the total hydrogen or deuterium concentration. and impurities also may contribute to the observed spectral width. Inhomogeneous broadening can be reduced, and in some cases made very small, in relation to the natural linewidth by reducing the defect concentration in the sample. Additional broadening may occur if the atoms involved in the mode have more than one isotope.
As in the case of H BC (ϩ) in Si, the lifetime for radiative decay for H BC (ϩ) in Ge can be estimated to be of the order of milliseconds.
1 H BC (ϩ) has no occupied electronic levels in the band gap. The only electronic decay processes that are possible induce transitions across the band gap, which is energetically forbidden. Therefore, the LVM must decay into other vibrational modes, such as lattice phonons or localized modes associated with the H BC (ϩ) defect. Decay of an excited LVM is a complex process ultimately resulting in the transfer of the energy to the phonon bath of the solid. However, the vibrational modes involved in the first decay step are the modes under investigation in this paper. Since the vibrational mode occupation probabilities are a function of temperature, the lifetime of a vibrational mode changes with temperature. The temperature dependence of the energy relaxation time T 1 of the first excited state to the ground state of a LVM is given as
where the summation is taken over all decay channels, i.e., over all sets of normal modes ͕q 1 , . . . ,q N( j) ͖ into which the LVM decays, and
is independent of temperature, and describes the coupling strength of the LVM to the accepting modes. Each decay channel is represented by a set of
where
In the low-temperature limit, the decay rate reflects spontaneous decay into the accepting modes. The decay depends on the number ͑or order͒ N( j) and frequencies i ( j) of the accepting modes. It also depends on the anharmonic coupling strengths of the LVM to the accepting modes.
H BC "¿… in germanium
A Lorentzian line shape was fitted to the H BC (ϩ) absorption peak at 1794 cm Ϫ1 measured at 10 K to obtain the FWHM of the peak as a function of hydrogen concentration C H . Figure 2͑a͒ shows that the spectral width of the absorption lines decreases with decreasing hydrogen concentrations, and remains at a constant value of 0.35 cm Ϫ1 below 10 ppm. This result shows that inhomogeneous broadening is negligible for C H Ͻ10 ppm. A detailed numerical analysis showed that the instrumental contribution to the width is negligible at a nominal resolution of 0.15 cm Ϫ1 , and using a boxcar apodization function. Assuming that this minimal width reflects the lifetime through Eq. ͑1͒, the lifetime for the 1794-cm Ϫ1 mode of the H BC (ϩ) defect is T 1 ϭ15 ps. Recently, the vibrational lifetime of H BC (ϩ) in Si, which was obtained in a similar way, was shown to be in good agreement with direct time-domain, transient bleaching measurements. 1 modes are Ge related, the lowest-order decay process involving the fewest high-frequency modes in Ge involves four modes at ϳ79 cm Ϫ1 and ϳ5 optical phonons at ϳ300 cm Ϫ1 . Hence the lowest order of the process is 9, three orders higher than for H BC (ϩ) in Si. The observation that the lifetime increases by only a factor of Ͻ3, considering that the order of the decay process is higher in Ge than in Si indicates that the order of the decay process is less important than previously anticipated, and that the anharmonic coupling strengths of H BC (ϩ) to the accepting modes are important in determining the decay rates. Figure 2͑b͒ shows the concentration dependence of the H (Ϫ) spectral width measured at ϳ10 K. Due to the small intensity of the H (Ϫ) line in Ge, measurements were not attainable below 11 ppm. At this concentration the absorption peak has a measured width of 0.15 cm Ϫ1 , which is at the limit of the instrumental resolution. This width imposes a lower limit on the H (Ϫ) vibrational lifetime of 36 ps. Thus the H (Ϫ) lifetime is found to be greater than the H BC (ϩ) lifetime in Ge. This result is surprising since H (Ϫ) requires fewer accepting modes ͑three͒ than H BC (ϩ) ͑six͒, assuming that the LVM's decay via a lowest-order, energy-conserving process. This result supports our previous conclusion in Ref. 1 that the defect structure, including the distortion of the surrounding lattice around the hydrogen atom, is a key factor in determining the relaxation rates.
H "À… in germanium
B. Temperature-dependent line shapes and dephasing
At temperatures above ϳ20 K, pure dephasing contributions to the spectral width become important. The homogeneous width of the absorption peak is given by
where ⌫ is in units of rad/s, and T 2 * is the pure dephasing time. The temperature dependence of the vibrational absorption line shapes can be described by a model where the hydrogen-related LVM is assumed to be anharmonically coupled to a low-frequency mode, also called an exchange mode, with a frequency e , where e Ӷ LVM . The occupation number of the low-frequency mode fluctuates due to random thermal excitations, causing a random modulation in the ͉0͘→͉1͘ transition frequency of the LVM. In 1954 Anderson developed a dephasing model to explain line-shape changes observed in nuclear magnetic resonance experiments. 13 The model was applied to vibrational excitations observed in Raman spectra by Harris et al. 14 However, the model developed by Harris et al. is only valid for low temperatures (k B TӶប e ). Persson and co-workers presented a model that is valid in the weak-coupling regime, i.e., for ͉␦͉Ӷ1, where ␦ is the anharmonic coupling parameter and is the vibrational lifetime of the first excited state of the low-frequency mode. 15 The coupling strength 2␦ corresponds to the ratio between the increase in the FWHM and a shift in the frequency of the absorption line shape, ⌬⌫ T 2 * /⌬, at low T. Recently we extended the Harris theory beyond the k B TӶប e limit, and included the possibility of degeneracy in the exchange mode. The extended model successfully predicts the asymmetric line shapes observed at higher temperatures for H BC (ϩ) in Si, 4 and reduces to that of Persson and co-workers in the weak-coupling limit.
The extended dephasing model will be outlined in the following. A more detailed description was given in Ref. 4 . The energy levels for the LVM and low-frequency mode are evenly spaced by intervals of ប LVM and ប e , respectively, when there is no anharmonic coupling between the two modes. Anharmonic coupling changes the energy levels. In the ͉0,n e ͘ manifold, where the LVM is in the ground state and the exchange mode is in the state n e , the energy level spacing is changed to ប e Јϵប( e ϩ 1 2 ␦) where ␦ is determined by the strength and type of anharmonic coupling. In the ͉1,n e ͘ manifold, the energy-level spacing is ប( e Ј ϩ␦). The transition energies for fundamental transitions of the LVM, ͉0,n e ͘→͉1,n e ͘, are given by ⌬E ͉0,n e ͘→͉1,n e ͘ ϭប( LVM Ј ϩn e ␦), where LVM Ј ϵ LVM ϩ 1 2 ␦. 4 Thus the fundamental transition energy of the LVM depends on the quantum number n e of the low-frequency mode, and thermal fluctuations in n e lead to a random modulation of the transition energy. This leads to a loss in phase coherence. In addition to the exchange mode frequency e Ј and anharmonic coupling strength ␦, the lifetime of the first excited state of the exchange mode, , is an important parameter in the dephasing model.
The extended model yields an approximate expression for the line shape that is in good agreement with the absorption line shapes for H BC (ϩ) and H (Ϫ) in Ge. The expression is described by a Lorentzian line shape plus an asymmetric dispersion-type line shape given by
where T 1 is the vibrational lifetime and LVM is the LVM frequency. 4 0 is one of the eigenvalues of MϭW T Ϫi␦, where W T is the matrix containing transition probabilities of the exchange mode, and ␦ is a diagonal matrix containing the shift in frequencies of the LVM due to coupling of the LVM with the occupied levels of the exchange mode as described in Ref. 4 . One of the eigenvalues of the matrix, M, vanishes in the limit T→0. This eigenvalue governs the T dependence of the line shape due to pure dephasing at low T. More specifically, the imaginary part ϪIm( 0 ) gives the frequency shift, and the real part 2͉Re( 0 )͉ gives the increase in linewidth. The frequency shift ⌬ϵϪIm( 0 ), increase in the linewidth ⌬⌫ T 2 * ϵ2͉Re( 0 )͉, and asymmetry a due to pure dephasing are determined by the three model parameters e Ј , ␦, and as described in Ref. 4 . In the low-T limit, a→0 and the homogeneous line shape reduces to a Lorentzian as seen in the models of Harris et al. and Persson and co-workers.
Results and discussion
The temperature-dependent measurements of the H BC (ϩ) , D BC (ϩ) , H (Ϫ) , and D (Ϫ) absorption line shapes in Ge were performed on the same sample, thus avoiding relative temperature discrepancies that could lead to an error when comparing the activation energies of the H and D exchange modes. A Lorentzian line shape with an asymmetric dispersion-type line shape, as given in Eq. ͑4͒, was fitted to the absorption line for temperatures in the range 20-150 K to obtain the center frequency, FWHM, and the asymmetry parameter of the peak.
The low-temperature center frequency and the FWHM were subtracted from the center frequency and the FWHM at each temperature to obtain the shift in frequencies ⌬ and the broadening ⌬⌫ T 2 * of the absorption peak as a function of temperature. For vibrational excitations at low temperature, T 2 *→ϱ and ⌬⌫ T 2 * →0, because n e →0. By subtracting the low-temperature linewidth from the higher temperature linewidths, the lifetime contribution ⌫ 0 and the inhomogenous broadening contribution ⌫ inhom to the width are subtracted, assuming that ⌫ 0 is T independent. The temperature dependence of the lifetime was not measured, but is assumed to be a small contribution to the width compared to the contribution from pure dephasing, which was the case of H BC (ϩ) in Si. peak are shown in Fig. 3 . The data are plotted on a linear scale vs T as well as on a semilogarithmic scale vs 1/T. The semilogarithmic plots are used to better present the lowtemperature data. The shift, broadening, and asymmetry of the H BC (ϩ) absorption line for temperatures in the range 20-80 K were used to obtain a least-squares fit to the shift, broadening, and asymmetry determined by the model parameters e Ј , ␦, and . The best fits for the shifts, broadening, and asymmetry based on the nondegenerate and twofolddegenerate extended exchange models are shown in Fig. 3 .
The best fits for the nondegenerate and twofolddegenerate cases yield the same values for the shift in frequency, ͉⌬͉, and broadening, ⌬⌫ T 2 * , as functions of temperature. The Arrhenius behavior in the temperature range 20-80 K of the frequency shift, broadening, and asymmetry parameter yields the H BC (ϩ) exchange frequency e Јϭ75 Ϯ2 cm Ϫ1 , based on the best-fit parameter for e Ј as shown in Table II . 16 However, the best-fit parameters for ␦ and for the twofold-degenerate case are related to the corresponding nondegenerate parameters as follows: Table  I . The solid curves represent the best-fit theoretical results obtained from the dephasing model using a nondegenerate exchange mode. The dashed curves, which coincide with the solid curves for the broadening and shift plots, represent the best-fit theoretical results obtained with the dephasing model using a twofold-degenerate exchange mode. The best-fit parameters are listed in Table II. above 80 K, there are significant discrepancies between the theoretical model and the experimental observations. Possible explanations for this are that one or more additional exchange modes anharmonically coupled to the LVM may be thermally populated at TϾ80 K, and that the exchange mode energy levels may not be equally spaced as they are assumed to be.
By comparing the temperature dependence of the H BC
and D BC (ϩ) absorption line shapes in Ge, insight into the specific nature of the exchange mode can be gained. In particular, an isotopic shift in the exchange mode may indicate a coupling to the bend mode of H BC (ϩ) . The H BC (ϩ) bend mode has not been observed above 600 cm Ϫ1 , and is therefore most likely located below this frequency. Figure 4 shows the comparison of the H BC (ϩ) and D BC (ϩ) shift, broadening, and asymmetry. The results from the best-fit parameters of the extended exchange-mode dephasing model for H BC (ϩ) and D BC (ϩ) are shown in Table II . Clearly, for H BC (ϩ) in Ge, no isotopic shift is observed in the exchange mode frequency when H is replaced by D. The ratio of the shift and broadening of the H BC (ϩ) and D BC (ϩ) absorption line shapes as a function of temperature are seen to be largely constant as shown in Fig. 4 . This results from the fact that both the temperaturedependent broadening and shift plots have the same slopes for H BC (ϩ) and D BC (ϩ) , indicating that their exchange modes have the same frequency ͑see Table II͒ . Since no isotopic shift occurs in the exchange-mode frequency when H replaces D, the exchange mode principally involves the Ge atoms rather than the H atom. These results may be contrasted with studies by Stavola et al. of the temperature dependence of hydrogen acceptor complexes, B-H, Al-H, and Ga-H, in silicon. 17 The exchange mode frequencies for the Al-H and Al-D complexes of 78 and 56 cm Ϫ1 , respectively, show an isotopic shift of ϳͱ2, which identifies the exchange mode as the hydrogen-related bend mode of the complex. This result further reinforces our conclusion that in the case of H BC (ϩ) in Ge the exchange mode is not H related. Since H BC (ϩ) is formed in both Si and Ge, the influence of the phonon frequency distribution on pure dephasing processes of the defect can be studied. H BC (ϩ) has the same structure in Ge and Si, and we would expect the stretch mode to couple preferentially to the same mode in the two materials. The exchange mode of H BC (ϩ) in Si was found to be 114 Ϯ3 cm Ϫ1 , which coincides with TA L phonons, 4 whereas the exchange mode of H BC (ϩ) in Ge is 75Ϯ2 cm Ϫ1 , which is close to the frequency of TA X phonons (79 cm Ϫ1 ). The observation that the exchange mode corresponds to different types of phonons indicates that the exchange mode is unlikely to be lattice phonons. This is also consistent with the result of Ref.
4 that coupling to a large number of exchange modes using the extended exchange model does not account for the observed asymmetric line shape. 4 Furthermore, the broadening of the absorption line is comparable in magnitude to the shift of the absorption peak. This is inconsistent with having a large number of exchange modes. A more likely explanation is that the exchange modes are associated with Ge/Si-related PLM's caused by the H-induced strain. Due to the H-induced strain, the Ge atoms surrounding the H BC (ϩ) defect atom relax outward. The amount of this relaxation may be extracted from theoretical calculations, which report a large Ge bondlength distortion of ϳ0.44 Å for H BC (0) in Ge. 18 The large distortion is likely to create Ge-related PLM's.
From the best fit of the asymmetry parameter, the PLM is assigned to a twofold-degenerate mode. Since no isotopic shift is observed when D replaces H, the H-related bend mode is ruled out. Thus the PLM is assigned to a Ge-related mode with either E g or E u symmetry, as described in detail in Ref. symmetric within measurement uncertainty at all temperatures. Consequently, the degeneracy of the exchange mode cannot be determined with the present data and only qualitative insights into the anharmonic coupling strength and lifetime of the exchange mode can be gained. An analysis of the H (Ϫ) absorption line yields ␦ϭϪ0.05. Therefore, the model of Persson and co-workers is valid for describing the measured H (Ϫ) and D (Ϫ) line shapes in Ge. However, we employ the extended model in the analysis of the measured temperature-dependent H (Ϫ) and D (Ϫ) line shapes, since the model is more general and reduces to that of Persson and co-workers in the weak-coupling limit.
The temperature dependence of the 745-cm Ϫ1 line is in good agreement with the extended exchange model, assuming an exchange mode at 77Ϯ4 cm Ϫ1 . Although anharmonic coupling to a TA X phonon cannot be excluded, we believe the exchange mode is more likely to be a phononlike mode, since translational symmetry is broken by the insertion of the H atom. It is possible that more modes could be involved in the H (Ϫ) dephasing process than in the H BC (ϩ) dephasing process since the lifetime of the exchange mode is short, which corresponds to a wide spectrum of the exchange mode. The dephasing model was generalized to include a distribution of exchange modes in Ref. 4 . For a large number of exchange modes N, Nӷ1, where each mode is weakly coupled to the LVM, the shift in frequency is independent of the number of exchange modes. Although each exchange mode contributes a small frequency shift to the absorption spectrum, the total frequency shift of the absorption spectrum becomes measurable by the addition of each of these contributions to the frequency shift. However, the broadening and asymmetry are proportional to 1/N and 1/N 2 , respectively. It is not surprising then that the asymmetry of the absorption peak is not observed in the weak-coupling limit. However, since we do observe some broadening of the absorption peak, N is not a macroscopic number. It is likely that the H (Ϫ) mode is anharmonically coupled to more than one exchange mode; however, the extended exchange model with one lowfrequency mode successfully describes the observed broadening and shift in the H (Ϫ) absorption peak up to 80 K. The best fits for the shifts and broadening based on the nondegenerate dephasing model are shown for the H (Ϫ) and D (Ϫ) defects in Table III . The D (Ϫ) vibrational mode was not observed to broaden until ϳ40 K, which was most likely due to instrumental resolution. Thus useful data were only obtained in the temperature range 40-100 K. A comparison of the shift and broadening of the absorption peaks for H (Ϫ) and D (Ϫ) are shown in Fig. 6 . The ratio of the shift ͑broadening͒ of the H (Ϫ) line to the D (Ϫ) line is a constant value of ϳ1.7 (ϳ3.5). The constant value demonstrates that both lines have the same activation energy, which indicates there is no isotopic shift in the exchange mode frequency. Thus, the exchange mode for H (Ϫ) is also Ge related, as concluded for the H BC (ϩ) exchange mode. 
IV. CONCLUSIONS
The lifetime of the first excited vibrational state of H BC (ϩ) in germanium was shown to be 15-23 ps, 2-3 times greater than the lifetime of H BC (ϩ) in Si. The increased lifetime in Ge is attributed to a higher-order decay process, which probably involves a combination of phonons and PLM's. The lifetime of H (Ϫ) in Ge was found to be у36 ps. The lifetime of the H (Ϫ) mode is much longer, indicating that the lifetime is strongly structure dependent and that the order of the process is not as important as previously assumed.
The observed shift, broadening, and asymmetry of the H BC (ϩ) absorption peak in Ge are in excellent agreement with the extended exchange model in the temperature range 25-80 K. This mode is determined to be anharmonically coupled to a single twofold-degenerate exchange mode that is assigned to a Ge-related PLM with either E u or E g symmetry and an activation energy of 75Ϯ2 cm Ϫ1 . Deuterium substitution reveals no isotope shift of the exchange mode, which rules out that the mode primarily involves hydrogen.
The observed broadening and shift of the H (Ϫ) absorption peak with temperature in germanium can also be treated using the extended exchange model in the temperature range 25-80 K. This H (Ϫ) -related exchange mode was determined to have an activation energy of 77Ϯ4 cm Ϫ1 , but the degeneracy of the exchange mode could not be determined. As in the H BC (ϩ) case, no change in the exchange mode frequency was observed upon substitution with deuterium, which shows that the mode is Ge related. An enhanced theoretical understanding of the structure of the H (Ϫ) defect is required to predict the exchange mode principally involved in the dephasing process.
The vibrational dynamics of hydrogen defects strongly suggest that low-frequency modes play an important role in energy and phase-relaxation processes of LVM's. The order of the decay process is shown to be less important than the defect structure in determining the vibrational lifetimes. The temperature-dependent line shapes of the H BC (ϩ) and H (Ϫ) defects are successfully accounted for using the extended exchange model. mental spectrum when T 1 , k, and the area of the overall simulated spectrum were varied for a given . The lifetime as a function of is shown in Fig. 7 
